A new module has been implemented in the ECHAM5/MESSy Atmospheric Chemistry (EMAC) Model that simulates cloud related processes on a much smaller grid. This so called superparametrisation acts as a replacement for the convection parametrisation and large-scale cloud scheme. The concept of embedding an ensemble of cloud resolving models (CRMs) inside of each grid box of a general circulation model leads to an explicit representation of cloud dynamics.
Introduction
Cloud related processes are difficult to simulate on the coarse grid of a general circulation model (GCM) and have a substantial influence on the global climate (Boucher et al., 2013) . Small-scale effects like deep convection need to be parametrised in global models uncovering the problem that Earth System Models (ESMs) horizontal grid spacing requires further refinement to resolve cloud formation. Uncertainties in different atmospheric fields are primarily a consequence of using parametrisations 5 (Zhang and McFarlane, 1995; Knutti et al., 2002) , which rely on a physical basis but are mostly scale dependent including an arbitrary number of simplifications and assumptions. Nowadays, computational capabilities are suitable to perform global or large-domain simulations with resolution on the order of a few kilometres Heinze et al., 2017) or even sub-kilometer grid spacing (Miyamoto et al., 2013) . Convective-permitting simulations have shown that these model are able to realistically represent the Madden-Julian oscillation (MJO) (Miura et al., 2007; Miyakawa et al., 2014) , the diurnal cycle of 10 precipitation (Sato et al., 2009; Yashiro et al., 2016) or the monsoon onset (Kajikawa et al., 2015) . Resolving the total effects of small-scale atmospheric features can hardly be simulated by any GCM with parameterised physics. The dilemma with these global cloud-resolving models (GCRMs) is the simulation period that is limited by the computational expense to a couple of months nowadays. On that account coarser horizontal resolutions are necessary regarding long-term simulations e.g. climate projections. A pioneer high-resolution (14 km global mesh) multi-year climate simulations has been conducted by Kodama 15 et al. (2015) . In addition to that the first coordinated long-term model intercomparison of high-resolution (at least 50 km gridsize) climate simulations is underway within the High Resolution Model Intercomparison Project (HighResMIP) (Haarsma et al., 2016) of the Coupled Model Intercomparison Project 6 (CMIP6) (Eyring et al., 2016) . The former examples showed that current developments and models still use resolutions that require a convection parametrisation in order to investigate climate related questions. Combining the ability to reproduce small-scale cloud dynamics by a cloud-resolving model (CRM) and 20 perform long-term simulations with a GCM resulted in the idea of a "superparametrisation" (Grabowski and Smolarkiewicz, 1999; Grabowski, 2001; Khairoutdinov and Randall, 2001 ).
The concept of the superparametrisation is based on embedding an ensemble of interacting CRMs inside of each column of the GCM replacing convection and large-scale cloud parametrisations. The superparametrisation acts as a conventional parametrisation but in contrast explicitly resolving small-scale cloud dynamics on the subgrid-scale of the GCM with the exception of 25 cloud microphysics and turbulence. The CRM domain involves periodic lateral boundary conditions and forcings of large-scale tendencies computed by the GCM are applied horizontally uniform. Finally, all small-scale effects represented by the ensemble mean of all CRMs within one GCM grid-box interact with larger-scale atmosphere circulations on the coarse grid of the host model. Consequently, no direct interactions between individual CRM cells across GCM grid boundaries are possible. The computational cost of performing simulations with this framework is drastically reduced in contrast to a fully global cloud- 30 resolving model. Including a CRM for the representation of the multitude of different types of clouds is a major step toward a more realistic representation of individual clouds and their interactions that are otherwise only achievable with high resolution models over huge domains.
After the first implementation of the superparametrisation several other institutes have followed the same approach (Subra-2 https://doi.org /10.5194/gmd-2019-193 Preprint. Discussion started: 26 August 2019 c Author(s) 2019. CC BY 4.0 License. manian et al., 2017; Tulich, 2015; Tao et al., 2009 ) and other are under way (Arakawa et al., 2011) . Diverse modifications exist, which incorporate other processes or schemes within the embedded small-scale model, like a two-moment microphysical scheme, a higher order turbulence closure or including aerosol coupling (Gustafson et al., 2008; Cheng and Xu, 2013; Wang et al., 2011a, b; Minghuai et al., 2015) . These studies have mainly focused on improving selected process descriptions within the cloud-resolving model. This study presents an additional superparametrised GCM primarily focusing on the effects of dif-5 ferent CRM model configurations onto the mean climate state. Multiple simulations spanning 15 months have been performed to statistically evaluate the effects of changing different aspects of the superparametrisation, i.e. orientation, grid spacing and cell number of the embedded CRM. To our knowledge this is the first attempt summarizing the effects of different configurations of the superparametrisation onto the model mean climate state. This paper is organized as follows. Section 2 describes the host GCM and CRM that is used as the superparametrisation. thermore the coupling between the two model systems and the simulation setup is given. Section 3 examines the results of the new model system and discuss the sensitivity study comparing different superparametrised model setups. Section 4 gives a summary and conclusions.
Model Description

EMAC model system
15
Historically speaking the ECHAM/MESSy atmospheric chemistry (EMAC) model (Joeckel et al., 2010) combines the Modular Earth Submodel System (MESSy) framework with the fifth generation of the ECMWF/Hamburg (ECHAM5) climate model (Roeckner et al., 2006) . Developments during the last decade have fully modularised the code into the different layers of MESSy (Joeckel et al., 2005) and split representations of atmospheric processes into their own submodels. Based on that, alternative process descriptions (e.g. convection parametrisations, Tost et al., 2006) and even diverse base models (e.g.
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Community Earth System Model (CESM, Baumgaertner et al., 2016) or the COSMO model, Kerkweg and Jöckel, 2012) can be easily selected and compared for sensitivity climate simulations. EMAC has been used for various scientific applications regarding chemistry climate interactions from the surface to the mesosphere 1 . A complete list of available submodels is given in Table 1 in Joeckel et al., 2010 .
New submodule: CRM
25
As mentioned in the introduction a CRM has been implemented as a new submodel to serve as a superparametrisation (SP) for EMAC. The new coupled model system is therefore shortly named SP-EMAC. The CRM component of SP-EMAC is the System for Atmospheric Modeling (SAM; described in Khairoutdinov and Randall, 2003) that describes subgrid-scale development of moist physics in each GCM grid column. It solves the nonhydrostatic dynamical equations with the anelastic approximation. The prognostic variables are the liquid/ice water moist static energy, total precipitating water (rain + snow +
coupling points graupel) and non-precipitating water (vapor + cloud water + cloud ice). An "all-or-nothing" approach is used to diagnose cloud condensate assuming saturation with respect to water/ice. The hydrometeor partitioning is based on a temperature dependence using a single moment microphysical scheme with fixed autoconversion rates. Additional information on the CRM is described in more detail in the Appendix of Khairoutdinov and Randall (2003) .
The model code of the superparametrisation has been re-structured to follow the MESSy coding standards. Thereby it is 5 now possible to set specific parameters via namelist entries in order to obtain the flexibility for sensitivity analysis without recompiling the code. The main switches that can be adjusted change the configuration of the superparametrisation, i.e.:
-number of CRM grid cells inside of each GCM grid box -grid size of CRM cells -orientation of the CRM ensemble (2D or 3D)
10
-top height of CRM grid box -time step of the superparametrisation Each grid column of the global model EMAC hosts several copies of the CRM. All configurations of the superparametrisation use periodical lateral boundaries and a time step of 20 seconds. Vertical levels (29 in total) are aligned to match the lowermost levels of the GCM. Newtonian damping is applied to all prognostic variables in the upper third of the grid to reduce gravity 15 wave reflection and build up. Communication between CRM cells across GCM boundaries is done via large-scale tendencies thereby neglecting direct interactions of small-scale dynamics between coarse grid columns.
4
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SP-EMAC: Coupling the two model systems
Combining EMAC and the superparametrisation is based on applying the CRM forcing and CRM feedback of prognostic variables φ between the two models. But first and foremost vertical profiles of the coarse grid cells of EMAC are initialized in all CRM columns at the beginning of each model run. Simultaneously small temperature perturbations are added for near surface layers to obtain an individual response for each CRM column. During the simulation the CRM is called on every GCM The large-scale forcing restricts the superparametrisation close to the host model fields whereas CRM feedback tendencies are calculated by the ensemble horizontal mean of all CRM grid boxes (φ n ) for timestep n. Momentum transport was only allowed 15 for the 3D CRM configurations.
With regards to the computation of cloud optical properties and radiative fluxes two possibilities exist.
1. calculate radiative transfer with averaged cloud properties assuming a maximum-random overlap assumption obtained by averaging over the superparametrisation domain.
2. calculate radiative transfer explicitly with time-averaged CRM fields in every subgrid-scale column.
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In this paper only the first possibility is chosen although including explicit cloud inhomogeneities into radiative transfer computation have a significant influence on radiative fluxes (Cole et al., 2005) . The capability to consider subgrid-scale cloud-radiation interactions have been introduced after performing sensitivity simulations and will therefore not be part of the evaluation in this paper.
Further coupling is not implemented in the superparametrised version of EMAC so far. All land surface fluxes are simulated 25 on the large-scale grid only. Surface heterogeneities like soil moisture, soil type, orography etc. may be included for future research with SP-EMAC.
Simulation Setup
All simulations are performed with a horizontal GCM resolution of T42 and 31 vertical hybrid pressure levels up to 10.0 hPa.
The applied setup for the control simulation (CTRL) covers the submodels for radiation (Dietmüller et al., 2016) , clouds (Lohmann and Roeckner, 1996) and convection (Tiedtke, 1989) with modifications of (Nordeng, 1994 show a strong negative imbalance generated by too reflective clouds. The energy deficit for these simulations can be explained by a large negative net cloud radiative effect dominated in the shortwave and an overestimation of LWP. Additionally, it should 25 be mentioned that the high imbalance are only seen for the 3D-setups of SP-EMAC. Changing the size or number of cells in a three-dimensional CRM setup drastically changes the covered area of the superparametrisation. This modification (reduction in CRM area) seems to significantly influence the CRM properties to correctly simulated the mean effects of subgrid-scale processes within a GCM cell. Another possible feedback that could degrade global statistics, affecting large-scale dynamics for all OR3 simulations, is the momentum transport. Nevertheless, these simulations are discarded from further analysis be- cluding the control simulations depict a higher surface temperature compared to reanalysis data. The difference is partly due to the model output variable that presents the temperature of the lowermost mode layer instead of using the 2m-temperature.
More interestingly is the separation of several SP-EMAC runs into two branches divided by the criterion of an average sur- (2014)). Nevertheless this deficit can be compensated by further tuning efforts as it has been done for the control simulation depicting a mean cloud cover of 60 % (Mauritsen et al., 2012) . Because deficiencies in cloud amount are closely related to the liquid and ice water path even higher differences are expected to arise. . These high amounts of liquid water in the atmosphere are seeming to extremely overestimate the underlying observations of CM SAF (The Satellite Application Facility on Climate Monitoring) but are on the upper range of current LWP estimates and GCM simulations (Lauer and Hamilton, 2013) . The physical processes during model integration of rationing cloud water into its liquid and ice phase is a compensating effect on total cloud amount and radiation. Karlsson et al. (2017) of clouds and the total net cloud radiative effect can be quantified as the sum of its shortwave and longwave component: superparametrised simulations. This change in cloud amount would usually lead to a smaller NetCRE, which is not the case.
Therefore optical properties of clouds must have substantially been changed in all SP-EMAC runs indicating an increased reflection of radiation by clouds. This is evaluated in more detail in chapter 3.3. All in all without tuning of SP-EMAC almost all CRM configurations of SP-EMAC show mean climate characteristics equivalent to the control simulation and lie within a comparable range to observational estimates.
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Apart from the analysis of averaged global fields figure 2 displays normalized Taylor diagrams (Taylor, 2001) for four different quantities. These type of diagrams condense various aspects of multidimensional variables in comparison to observational data in one diagram. In total the correlation (R) given by the azimuthal angle, the standard deviation (σ) which is proportional to the radial distance from the origin and the centered root-mean-square error (RMSE) corresponding to the distance from the observational point (which is aligned at a unit distance from the origin along the x-axis) quantify the degree of agreement between A significant improved performance in terms of correlation and variability is also visible for cloud cover reducing the centered RMSE by 10 %. The latter is a direct result of an improved representation in northern hemispheric cloud amount (not shown) whereas tropical and large ocean fractions show an underestimation in cloud cover for the superparametrised simulations. The improvements in radiation and cloud amount suggest a better representation of cloud-radiation processes caused by the ability 25 to include subgrid-scale cloud dynamics.
Comparing the continental humidity distribution for four atmospheric levels interesting features appear. Lower level specific humidity at 925 hPa show a high correlation (R ≥ 0.95) and a comparable standard deviation for many SP-EMAC runs against reanalysis data. The underestimation of the variance (σ < 0.9) for a couple of SP-EMAC configurations comparing the lowermost specific humidity fields is dependent upon temperature in the boundary layer and precipitation. All simulations with T s 30 above 290 K and P below 3 mm/d (compare with Table 2 ) display a decrease in the normalized standard deviation whereas all other SP-EMAC show a better correlation and variability. This behaviour reflects the importance of interactions between boundary layer processes and precipitating fields. An even bigger spread is visible for mid-level and upper troposphere humidity at 500 and 250 hPa. Two features are prevailing: a decrease in correlation with increasing altitude and a higher variance for almost all simulations. The overestimated variability of specific humidity is mainly a cause of too much water vapor transport 35 
https://doi.org /10.5194/gmd-2019-193 Individual simulations are color-coded whereas grey markers represent the overall SP-EMAC ensemble. The control simulation is marked in purple. Observational data for radiation at TOA, cloud cover and precipitation is the same as indicated in table 2. For specific humidity NCEP/DOE2 Reanalysis data is used from 01/1979 to 12/2010 and evaluated only over continental points.
over tropical continents and too less over tropical oceans. The decrease in the correlation coefficient expresses the difficulty to simulate the appropriate water vapor transport for higher atmospheric levels especially in the intertropical convergence zone (ITCZ). Moreover, it is obvious that different SP-EMAC configurations have a strong impact on the upper tropospheric 11 https://doi.org /10.5194/gmd-2019-193 moisture budget at 250 hPa. This is a consequence of contrasting CRM resolved strength of vertical winds. Evaluating specific humidity distribution at the tropical tropopause level near 150 hPa almost no correlation remains and variability in these heights is strongly underestimated. This uncorrelated relationship is negatively influenced by an almost unresolved stratospheric circulation because of the sparse vertical resolution in these heights. Thereby almost no water vapour is transported from the tropics to the poles.
5
The representation of precipitation and its spatial and temporal distribution is slightly worse compared to the CTRL simulation with correlations less than 0.7. Furthermore, the configuration of SP-EMAC strongly modifies the intensity of rainfall. A much bigger spread is visible in the Taylor diagram for precipitation comparing individual SP-EMAC runs. This pinpoints the importance of the CRM configuration onto the global precipitation distribution and will be explored in more detail focusing on regional differences in the next section. 
Influence on regional aspects
The introduction of a superparametrisation resolving cloud dynamics in a GCM explicitly implies changes of local phenomena like precipitation, cloud regimes or boundary layer characteristics. This section evaluates regional patterns of precipitation and cloud radiative effects of SP-EMAC. In addition to that, the diurnal cycle of tropical precipitation is diagnosed as well as 20 probability density functions (PDFs) for specified regions.
12 https://doi.org /10.5194/gmd-2019-193 Colored areas show only regions with significant differences in precipitation (analysed with t-Tests on a significance level of 90%).
As a first step, significantly different precipitating regions for all simulations are identified and compared to observations. Moreover facing current deficiencies of GCMs, two specified regions are taken into account to analyse simulated precipitation features: maritime tropics (in particular the Warm Pool region) and the southern mid-latitudes. In previous literature it has been shown that the maritime continent depicts too much precipitation for all CMIP5 models consistently (Flato et al., 2013) .
Complementary an overestimation in oceanic precipitation frequency is simulated over the southern hemisphere indicating too 5 much drizzle (Stephens et al., 2010) . Although a new study suggested that these biases originate from processes other than convection a reduction of these errors is clearly accomplished by using convection parametrisations (Maher et al., 2018) . The comparison of SP-EMAC with observations and a parametrised control simulation will reveal the importance of resolving subgrid-scale dynamics in a superparametrised GCM for these regional improvements. Figure 3 shows zonal averaged precipitation rates for SP-EMAC, CTRL and GPCP data. In correspondence figure 4 high-10 lights regions with significant differences in annual mean precipitation compared to observations. These regions have been identified by a couple of t-Tests on a significance level of 90%. For the control simulation one single t-Test has been carried out to emphasize important areas. Considering the analysis for SP-EMAC regions are highlighted when more than half of all superparametrised simulations show a significant difference between observed and modelled fields. The control simulation is in close agreement to the GPCP observations with the exception of enhanced tropical precipitation, which is well repre-15 sented by the superparametrisation. Contrary to this an overestimation in the northern and southern mid-latitudes is visible for SP-EMAC independent of the chosen CRM configuration. This finding is in agreement with the study of Marchand et al. (2009) showing an overestimation of low-level hydrometeors in mid-latitude storm tracks using the same superparametrisation within SP-CAM (Superparametrised -Community Atmosphere Model). An improvement is given by Kooperman et al. (2016) showing no systematic biases within the mid-latitudes using a two-moment microphysical scheme linked to aerosol processes (Wang et al., 2011a) . Regardless of these studies, SP-EMAC sensitivity runs suggest that formation of precipitation including the ice phase (or mixed-phase) is substantially better simulated than rainfall in almost pure liquid clouds that is often the case for maritime precipitation in the southern mid-latitudes (Matsui et al., 2016) . Nevertheless, a high sensitivity in precipitation is visible within the ITCZ and the northern and southern mid-latitudes depending on the CRM configuration. Analysing this in more detail it emerges that the contribution of this variability is mostly generated above the oceans and coastal regions (not 5 shown). That implies that simulated precipitation rates are sensitive to land-ocean contrasts.
Focusing on two specific regions figure 5 displays probability density functions of monthly precipitation rates for the Warm Pool Region and the southern ocean mid-latitudes. The former is defined as an area where sea surface temperatures exceed 297 K and strong convective systems develop whereas the latter defines only oceanic regions in the southern hemisphere between 36
• and 64
• characteristically associated with marine boundary layer clouds (Mace, 2010; Haynes et al., 2011) . Em-10 bedded maps present the spatial distribution for the chosen region as yearly averaged precipitation rates. In addition to that the non-precipitating fraction (below 1 mm/d) is shown as bars including the variability of SP-EMAC induced when choosing different configurations and the interannual variability of the observational data. Based on the overall improvement for SP-EMAC to simulate precipitation in the Warm Pool region the PDF shows important characteristics that are to some extent reproduced by the superparametrisation. The most distinct feature for the maritime continent PDF is the high variability for Kooperman et al., 2016, supplement S2) . All in all the control simulation can reproduce the peak precipitation whereas it is skewed to larger values (above 4 mm/d). Pointing out the differences in the microphysics one has to consider the different autocon-15 version rates used within the CRM cells and within the cloud scheme of the control run. The superparametrisation uses a simple fixed conversion rate (see Khairoutdinov and Randall, 2003, Appendix D) whereas the cloud scheme uses the formulation of Beheng (1994) . Focusing on this aspect Suzuki et al. (2015) has shown that the distribution of precipitation categories (non-precipitating, drizzle, rain) is dependent on its expression thereby influencing the precipitation rate. Future studies with SP-EMAC should investigate the onset of precipitation for maritime clouds in more detail or should consider using a two-20 moment microphysical scheme and its coupling to an aerosol submodel.
Apart from the distribution of precipitation a known problem of GCMs is the incorrect representation of the diurnal cycle in precipitation within the tropics (Collier and Bowman, 2004; Dai, 2006) . Improvements have been suggested by Bechtold et al. (2004) for convection parametrisations based on their entrainment rates. Additionally, superparametrised GCMs have been studied and show progress in representing the diurnal cycle of precipitation and its contrast between ocean and land (Khairout-25 dinov et al., 2005; Zhang et al., 2008; Pritchard and Somerville, 2009a, b; Tao et al., 2009) . In order to analyse this process the output has been increased to produce precipitation rates on a hourly basis for one entire month (July). Instead of using the full SP-EMAC ensemble only a subset of superparametrised simulations with an annual precipitation below 3 mm/d has been chosen. These simulations have been selected because they have the smallest difference in comparison to observational data (compare with table 2). The hourly output has been compared to multi-monthly July averages of TRMM data between 30 1998 and 2010. Figure 6 displays the averaged diurnal precipitation transformed to local solar time for continental and oceanic grid points between 30
• latitudes around the equator. Investigating the diurnal precipitation over land observational evidence exposes a peak around 17 LT and an onset in precipitation around 9 LT. The control simulation does not reproduce any of these timings confirming the difficulty of GCMs including convection parametrisations to correctly simulate the diurnal cycle. The onset and peak of precipitation is around 3 hours too early and the amplitude is overestimated. Many aspects of this evolution can be attributed to diminishing CIN (convecitve inhibition) during sunrise and increasing CAPE (convective available potential energy) during the day that are the basis of triggering and sustaining the convection parametrisation. The shift of a too early precipitation onset is substantially improved using any kind of SP-EMAC simulation. Independent of the CRM configuration the timing of the onset of precipitation is almost perfectly reflected in comparison to TRMM data. This indicates that cloud evolution is not only coupled to the diurnal solar insolation but follows PBL evolution. In contrast diurnal peak precipitation 5 is completely dependent on the CRM configuration for SP-EMAC indicating values between 2.5 to 3.75 mm/d and peak time spreading from 12 LT (OR1 1km 16) to 17 LT (OR2 4km 64). Furthermore the decline in precipitation after peaking is too strong resulting in a secondary maximum during the night (between 2 to 5 LT). This secondary peak is partly visible for the TRMM data but only for spring and autumn seasons (Yang and Smith, 2006) . Even if the diurnal cycle is not captured very well it has almost no influence on the global mean precipitation rate. One significant highlight corresponds to the different diurnal 10 amplitudes, which increase with increasing number of CRM cells, whereas single simulations with 32 or 16 cells exhibit a small or almost no diurnal cycle in precipitation.
The diurnal cycle over tropical oceans is displayed on the right side in figure 6 . The observed diurnal cycle presents a peak in precipitation around 6 LT and a clear minimum in the evening hours (21 LT). A saddle point (secondary maximum) can be identified around 14 LT. The primary mechanisms to explain this cycle are: "static radiation-convection" and "dynamic Especially two specific configurations (OR1 2km 64 and OR2 4mk 64) are in very good agreement with TRMM data. Nevertheless all simulations miss the representation of a secondary maximum around 14 LT. This effect could be due to neglected 10 diurnal variations in prescribed SSTs thereby restraining ocean surface heating (Sui et al., 1997 (Sui et al., , 1998 . Further investigations of 2D cloud-resolving model simulations with diurnally varying SSTs exhibit an increase in afternoon rain rates suggesting influences of ocean heating in atmospheric moistening and drying throughout the day (Cui and Li, 2009 ).
To complete the regional analysis of SP-EMAC cloud radiative effects at the top of the atmosphere are investigated. Ten years of satellite data of CERES are used for comparison (see table 2 ). CRE is divided into its longwave and shortwave component to the ITCZ for SP-EMAC compensated by even larger differences for the individual components CRE SW and CRE LW . Comparing CTRL and SP-EMAC in a comprehensive sense it emerges that overall CTRL represents the zonal NetCRE distribution slightly better especially in the Tropics. This is sometimes due to compensating errors. On a closer look many SP-EMAC configurations improve the longwave and shortwave component in the mid-latitudes. Nevertheless dependent on the CRM configuration there exists high differences even in the zonal mean distribution. To identify regions with significant differences 25 figure 8 shows absolute differences of NetCRE, CRE SW and CRE LW . Similar t-Tests as for figure 4 have been performed to obtain important areas that deviate from CERES observations. Thereby non-significant differences are shown in white. Blue areas indicate regions where cloud radiative effects are stronger (higher cooling) whereas red areas specify less cooling or even a warming effect of clouds. Comparing the differences in NetCRE maps in figure 8 it is apparent that CTRL show larger areas of significant differences especially a positive bias over the oceans. The underestimation of cloud radiative effects for CTRL it is not appropriate to use any CRM configuration as a superparametrisation in EMAC.
Issues due to CRM's configuration
The global evaluation of SP-EMAC in chapter 3.1 has revealed some major influences of the CRM configuration onto the (Cheng and Xu, 2014; Jung and Arakawa, 2016) .
Especially only one three-dimensional setup (OR3 4km 64) and one two-dimensional (OR2 4km 64) setup illustrate a climate simulation of cloud-radiative effects and reduce the compensation of contrarily effects.
Conclusions and Discussion
The concept of embedding a cloud-resolving model into a GCM has been studied for over a decade and this paper introduce another climate model incorporating this idea. The superparametrisation based upon the System for Atmospheric Modeling Regarding the cloud-radiation interaction it appears that the control simulation shows a slightly better representation of the net cloud radiative effect comparing the zonal distribution. However a regional analysis demonstrates that larger areas display A major consideration in this study has been the issues associated with changes in CRM orientation, size or the numbers of to 120 using the full 3D setup with 16 to 64 cells for EMAC simulations) and it is thereby desirable to use as few as possible resources without significantly modifying the model performance. For the superparametrised EMAC it has been shown that using the north-south oriented CRM it is necessary to have at least 64 cells with a 4 km cell size to obtain similar metrics as the control simulation. The same result is obtained for the 3D configuration. The east-west configuration shows a lower 15 sensitivity when using a different kind of setup suggesting that an ensemble of 64 cells provide enough variability to reproduce a realistic mean statistical subgrid-scale feedback for CRM grid cell sizes between 1 and 4 km. All in all, it is therefore recommended to use 64 cells for any setup of the superparametrisation. Furthermore, based on the performed analysis it is assumed that increasing the GCMs resolution to grid spacing between 50 to 100 km and successively adapting the CRM domain could lead to unexpected results because CRM ensemble statistics influence the mean climate state. In particular it seems that cloud 20 evolution inside of the CRM is prevented using 32 or less cells thereby it is necessary to establish the communication across GCM cells (Arakawa et al., 2011; Jung and Arakawa, 2010) .
In conclusion, a last point has to be taken into account that deals with the almost neglected tuning process of the superparametrised version of EMAC. In order to optimise a GCM thousands of model runs are required to cover the complete parametric space of tunable variables. In addition to that, multiple process-or target-oriented constraints should be used to 25 achieve a best model estimate for present-day climatology (Hourdin et al., 2017) . Within this study the only limitation has been the energy balance at the top of the atmosphere. Future studies should for the time being focus on tuning this version of EMAC to multiple observational data sets especially aiming attention at cloud amounts. Because of the high computational expense it would be advantageous to use shorter hindcast simulations with an automatic tuning in order to accelerate the progress of the superparametrised version of EMAC (Zhang et al., 2018) .
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The modular framework of MESSy provides an optimal model structure to easily couple the superparametrisation with other submodels. First steps has been taken to adapt cloud optical calculations and the radiative transfer scheme to be applied 
